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ABSTRACT

From Sloan Digital Sky Survey (SDSS) commissioning photometric and spectroscopic data, we inves-
tigate the utility of photometric redshift techniques in the task of estimating QSO redshifts. We consider
empirical methods (e.g., nearest neighbor searches and polynomial fitting), standard spectral template
fitting, and hybrid approaches (i.e., training spectral templates from spectroscopic and photometric
observations of QSOs). We find that in all cases, because of the presence of strong emission lines within
the QSO spectra, the nearest neighbor and template-fitting methods are superior to the polynomial-
fitting approach. Applying a novel reconstruction technique, we can, from the SDSS multicolor photo-
metry, reconstruct a statistical representation of the underlying SEDs of the SDSS QSOs. Although the
reconstructed templates are based on only broadband photometry, the common emission lines present
within the QSO spectra can be recovered in the resulting spectral energy distributions. The technique
should be useful in searching for spectral differences among QSOs at a given redshift, in searching for
spectral evolution of QSOs, in comparing photometric redshifts for objects beyond the SDSS spectro-
scopic sample with those in the well-calibrated photometric redshifts for objects brighter than 20th mag-
nitude, and in searching for systematic and time-variable effects in the SDSS broadband photometric

and spectral photometric calibrations.
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methods: statistical

1. INTRODUCTION

In recent years, with new multicolor surveys coming on-
line, the application of photometric redshifts to the analysis
of the physical properties of galaxies has become increas-
ingly popular (see Weymann et al. 1999 for recent works).
Photometric redshift estimation techniques rely on detect-
ing the passage of continuum features within the spectral
energy distribution (SED) of sources (e.g., for galaxies, the
4000 A break) across a series of photometric passbands. For
objects with featureless spectra, photometric redshift esti-
mation is extremely difficult or impossible, as the colors of
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these objects vary slowly (if at all) with redshift. Emission
lines may, however, help if they are strong enough relative
to the continuum flux to be detectable within the broad-
band photometry. As quasar emission lines carry a signifi-
cant amount of flux (Francis et al. 1991; Richards et al.
2001a), we expect that they will provide sufficient leverage
to help in the redshift prediction for lower redshift objects.
In addition, it may be easier to estimate redshifts for high-
redshift objects (z = 3), as a result of the blanketing of the
Ly forest (see, e.g., Madau 1995). In the astronomical liter-
ature, there are a number of different approaches for esti-
mating photometric redshifts. Most techniques can be
categorized into two basic classes: those that use SEDs as
spectral templates derived from models or observations
(Koo 1985; Gwyn & Hartwick 1996; Sawicki, Lin, & Yee
1997; Connolly et al. 1999; Fernandez-Soto, Lanzetta, &
Yahil 1999; Benitez 2000; Budavari et al. 1999, 2000;
Csabai et al. 2000) and those that establish a direct empiri-
cal relation between colors and redshift (Connolly et al.
1995; Wang, Bahcall, & Turner 1998; Brunner, Connolly, &
Szalay 1999) using a training set.

In this paper and the companion paper by Richards et al.
(2001b), we investigate these techniques and determine how
successfully they may be applied to the question of the esti-
mation of the redshifts of QSOs. In this study, we put more
emphasis on the so-called template-fitting method and
quasar template reconstruction. In the companion paper,
we discuss an empirical method that essentially assumes
that quasar colors are alike at a given redshift. We use a set
of ~2600 known QSOs with five-band (u'g’r'i'z’; Fukugita
et al. 1996; Lupton et al. 2001) Sloan Digital Sky Survey
(SDSS; York et al. 2000) photometry and redshifts in the
0 < z < 5 range. In Richards et al. (2001b), we study the
effects caused by reddened quasars and extended objects
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concerning redshift outliers and also present more examples
of science that will benefit from QSO photometric redshifts.
Observational and target selection details are also given
there.

In § 2, this study considers empirical methods to estimate
redshift. In § 3, we apply the standard template-fitting tech-
nique using composite spectra, and in §§ 4 and 5 we extend
our analysis to include SEDs reconstructed from photo-
metric information.

2. EMPIRICAL APPROACH

The simplest way of getting photometric redshifts is
empirical fitting. We assume the redshift, z, to be a simple
function of the magnitudes or colors. Connolly et al. (1995)
used low-order polynomial functions for galaxies. The
fitting formula (redshift vs. colors) is derived by using a
training set of photometric data and spectroscopic redshifts.
After the calibration, this simple analytic function can
predict redshifts for objects directly from photometric
observations. While this approach has proved successful for
studies of the photometric redshifts of galaxies, the SEDs of
quasars differ from those of galaxies in many ways. In the
optical and UV, a quasar spectrum consists of an approx-
imately power-law continuum together with strong emis-
sion and absorption lines. Thus, quasar colors can change
drastically over the space of a small interval in redshift (as
an emission line passes from one passband to the next) or
can remain constant with redshift as a result of the power-
law dependency of the continuum. Given this situation, we
would not expect polynomial fitting to yield accurate and
reliable photometric redshifts for QSOs, because of the fact
that the polynomial functions used vary slowly with red-
shift. This preconception is borne out by the SDSS data.
Fitting both quadratic and cubic relations between the
colors of the quasars and their redshifts yielded almost no
correlation between prediction and spectroscopic redshifts.

A more adaptive technique than polynomial fitting is that
of nearest neighbor (NN) mapping. This technique assigns
the redshift of a source to that of the closest object in color
space (with a known redshift). This approach is, essentially,
a piecewise constant function. Although, as we stated
above, the polynomial technique does not work, a com-
bination of the polynomial technique and the NN fitting
technique can also be applied in which we find the nearest
neighbors and locally fit the polynomial relation over
objects within a given radius. This method can suppress any
unwanted effect due to possible erroneous nearest neigh-
bors, but it would require more data. A similar empirical
method is developed in the companion paper (Richards et
al. 2001b), which implements an NN estimator where the
reference points are derived from colors averaged over red-
shift bins.

Figure 1 shows the correlation between the photometric
and spectroscopic redshifts from applying the NN estima-
tor. Most of the predicted redshifts (~70%) match well the
spectroscopic measurements. There are, however, a signifi-
cant number of outliers (i.e., the distribution of the predic-
tion error is clearly non-Gaussian). This is due to the color
degeneracy, i.e., within the photometric uncertainties, iden-
tical objects (in colors u'—g', g'—r', ¥ —i, i’ —Z') have sig-
nificantly different spectroscopic redshifts. For this reason,
for this figure and for all of the following spectroscopic
redshift (z,..) versus photometric redshift (z,,,) compari-
son figures, we calculate two rms values: one for all of the
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Fi1G. 1.—Photometric redshifts from the nearest neighbor estimator.
The bulk of the objects have accurate redshifts without any systematic
deviation, but the photometric degeneracy confuses quite a few estimates.
The rms error is A,;; = 0.64 for all objects and A, ; = 0.116 when excluding
outliers (see text).

objects (A,;) and one for the objects that have |z,
— Zpnotl < 0.3 (A 3). The former of these measures is used
to estimate the effect of the contamination of a QSO photo-
metric redshift sample by catastrophic failures, and the
latter statistic is to measure the intrinsic accuracy of the
photometric redshift relation for different analysis tech-
niques. For the NN estimator these values are A,; = 0.64
and A, ; = 0.116. Because of the degeneracy, the number of
outliers (Az > 0.3) is quite large, approximately 30%. We
also note that these results are for a sample of objects
already known to be quasars. If the input sample includes
objects that turn out not to be quasars, then our results will
be diluted.

To determine whether the magnitude of a QSO might
alleviate the degeneracy between the colors of QSOs as a
function of redshift, we applied the NN method in magni-
tude space. We find that this degeneracy is also present
when using magnitudes. One hope for removing this effect
may come from extending the photometric observations to
longer or shorter wavelengths, for example, using UV or IR
data. Plausible reasons for the large number of redshift out-
liers are discussed in Richards et al. (2001b). We note that
the behavior of the estimation error seems to change
around z ~ 3, with the outliers almost completely disap-
pearing. This is the redshift where the Lyman break passes
out of the ' filter, which introduces a strong continuum
feature into the quasar SED, and at higher redshifts the
continuum blanketing of the Lya forest has an even more
significant effect on the observed spectrum. This attenu-
ation enhances the quality of the redshift estimation (as is
the case for high-redshift galaxies). It is also important to
note that these empirical methods seriously break down
outside the redshift range that the training set is in.
Extrapolation is impossible, for example, to higher red-
shifts. The method also assumes that the set of objects used
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for training is representative of the objects studied. Finally,
transformation to other filter systems is extremely hard, if
not impossible, without using spectral templates.

3. TEMPLATE FITTING

Template-fitting photometric redshift methods have the
advantage of not requiring a training set (we assume that
the physics of the QSO SEDs is fully encoded within our
distribution of templates). We do, however, require a com-
plete spectral library that has spectral templates that cover
all of the spectral types of sources within our sample and
which extend over the rest-frame wavelength ranges that
our photometric observations occupy (for high- and low-
redshift sources). In its simplest form, this template library
could be the mean spectrum of a sample of SEDs. For
galaxies this is not a realistic option, since the continuum
shape of different spectral types of galaxies varies drasti-
cally. For quasars, there are no well-defined classes of con-
tinuum spectral features, mostly because previous
observations have indicated that quasars have SEDs with
similar power-law continua.

In an attempt to construct such a composite mean QSO
spectrum, we consider those available within the astronomi-
cal literature. We tested the method with the Large Bright
Quasar Survey composite spectrum (Francis et al. 1991). In
the meantime, the SDSS composite spectrum (Vanden Berk
et al. 2001) became available; in this study, we present
results using this composite. In Figure 2, we plot photo-
metric redshifts from template fitting against spectroscopic
redshifts, where template colors are derived by convolving
the SDSS filter functions with the SDSS composite spec-
trum, as well as by convolving the filter functions with our
reconstructed template (Fig. 3; see below). The figure is
similar to that found in Figure 1: the outliers are more
stratified in the template-fitting case, and the dispersion in
photometric versus spectroscopic redshift is somewhat
larger than in the NN case (A,; = 0.89 and A, ; = 0.123).
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F1G. 3—Comparison of composite SEDs. The SDSS composite QSO
spectrum (thin line) and an average SED derived from photometry and
redshifts of SDSS quasar sample are shown (thick line). The power-law
continuum shape of the trained SED tracks the thin line nicely, and the
most powerful spectral features (e.g., Ly, C 1v, Mg 1) are also seen. The
dashed line is the scaled constraint curve (see text for details).

Of course, direct empirical methods yield less astrophysical
information—as opposed to template fitting, which pro-
vides consistent spectral type and luminosity besides
redshift—and are hard to apply to different sets of obser-
vations, for example, a sample with a different filter set.

The template-fitting estimator does not seem to be
superior when compared with NN estimators (see above

6 7\ T T T ‘ T T T T ‘ T T T T ‘ T T T T T T T T T T T \7

i Reconstructed ]

5 o ¢ ]
S N
L :
. [ ]
a3 —
N oo B
L® o 4
L8 ]

]l —

O || | ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 \7

0 1 2 3 4 5 6

Zspec

F1G. 2.—Photometric redshifts from one single SED. The SDSS composite-based estimates are seen on the left (rms errors A,; = 0.84, A, ; = 0.128) and

results from the reconstructed template on the right (A,;, = 0.89, A, ; = 0.123).
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and also Richards et al. 2001b) if we use a single composite
SED. In some sense, it can be considered worse; there are
approximately 20% more outliers. It is likely, therefore, that
the composite template assumed for the photometric red-
shift estimation is not representative of the full QSO
sample, and that we might need to introduce additional
quasar spectral types (e.g., corresponding to broad absorp-
tion lines or Fe 11 emission objects) to our analysis. Empiri-
cal estimators, such the NN method or that discussed in the
companion paper, do not assume that QSOs at all redshifts
have similar rest-frame spectra, as opposed to the template-
fitting technique using a composite SED. Thus, the fact that
the empirical estimators yield better redshifts than a single
composite may also imply that rest-frame QSO spectra cor-
relate with redshift. We explore these ideas in the following
section.

4. TEMPLATE RECONSTRUCTION

Without having access to a complete quasar template
library, we adopt a hybrid method developed by Budavari
et al. (1999, 2000) and Csabai et al. (2000) to bring together
the advantages of empirical and template-fitting techniques.
This method requires a training set of objects with spectro-
scopic redshifts and multicolor photometry to establish a
statistical representation of the underlying QSO SEDs. The
templates are created to yield simulated colors in the best
possible agreement with the photometry, and using them
for photometric redshift estimation is just one application.
The method is also suitable for detecting possible differ-
ences between the spectroscopic and photometric flux cali-
brations and to detect whether the introduction of different
QSO spectral types are needed.

We propose a novel technique, similar to what is known
as learning vector quantization (Kohonen 1995) in the
neural network literature, that reconstructs discrete SEDs
in an iterative way. The procedure, called adaptive spectrum
quantization (ASQ), is so robust that it can develop a set of
template spectra from scratch, i.e., from one single constant
function. The idea here is to separate quasars into coherent
classes of spectral templates based on their photometry and
spectroscopic redshifts. The algorithm improves the tem-
plates step by step to increase the agreement with the
photometric observations. Since the method is capable of
adding and removing classes, it can be started from a single
class. One loop of our iterative procedure consists of four
steps:

1. All objects in the training set are categorized into
classes of the most likely templates.

2. The estimated SEDs of the objects are repaired.

3. The reference templates are replaced with the mean of
the repaired spectra.

4. The templates are dynamically duplicated or removed
if statistically desired.

Let ¥ = {{(4)} represent the initial set of spectral tem-
plates, where N is the number of templatesandi = 1, ..., N.
Given the spectroscopic redshift and multicolor photo-
metry of an object, the most likely template can be selected
from a y? optimization. Unfortunately, in general, even the
best-fitting template y,(4) is not perfect, in the sense that it
cannot reproduce the measured colors if convolved with the
throughput of the filters and instrument response. So, the
V(1) spectrum must be “repaired ” according to the obser-
vational constraints (i.e., the multicolor photometry) as
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described in Budavari et al. (2000). The adjusted spectrum
Yi(4) = YD) + 0y(2) 1)

will be in better agreement with the measurements, but it
may be affected by some irregularity of the object. So,
instead of replacing the original y,(4) with (1) or adding
the repaired SED to the original ¥ set, one can collect all of
the adjusted spectra assigned to the kth template and
replace ,(A) with the average of these repaired template
spectra. A similar reparation can be applied to all templates
used in the analysis:

Yild) = YA = ¥il(A) + {oY(A)) )

Introducing additional reference templates requires more
deliberation. One can think of several conditions in which a
class of objects should be split into two (e.g., based on the
number of assigned objects), but when the observed training
set is limited in size, the choice of this condition may be
crucial. When the iteration converges with a fixed number
of templates (relaxation), a new reference spectral template
can be added to the set if deemed necessary because of a
large intrinsic scatter around the mean repaired spectrum
{Yi(4))> or because of an excess of member objects within a
particular spectral class. To split a class, one can make a
copy of the corresponding template and perturb it slightly
by shifting its spectral shape toward that of the modulated
spectrum of a random member within its spectral class. A
more elaborate discussion of the method will be described
elsewhere (Budavari et al. 2001).

We tested the above method for galaxies—where the
photometric redshift estimation techniques are well
established—and it provides photometric redshifts for gal-
axies that are in good agreement with those estimates based
on eigentemplates. Quasar redshifts can also be predicted
with accuracy. Starting from a featureless, constant SED,
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Fi1G. 4—The ASQ training yields templates that provide reliable red-
shift estimates. Here we plot the results using four reconstructed templates
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as in the NN estimates.
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we develop an average template that is very similar to the
empirical SDSS composite spectrum (Vanden Berk et al.
2001), as seen in Figure 3. Our reconstructed template
(derived purely from the photometric data) tracks the
power-law continuum of the high-resolution spectrum to a
remarkable degree of accuracy. The good correspondence
between the continuum shapes shows not only the strength
of the reconstruction algorithm, but also that the efforts the
SDSS team made for the correct spectrophotometric cali-
bration were fruitful.

The strongest spectral lines, such as Lyx (at 1216 A,
merged with N v at 1240 A), C 1v (1548 A), and Mg 1t (2798
A) are clearly visible. The Hp (4861 A) and the [O m] (4959,
5007 A) lines are merged into a single feature, and the
blurred Hu line (at 6563 A) is also present. The sharpness of
these lines is quite surprising, given that only the broadband
photometric information (a typical filter width is 1500 A)
and the value of the spectroscopic redshift were used as
input parameters in the reconstruction algorithm.

For a given redshift, the photometric observation gives
constraints on the possible underlying SED, since we expect
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to get back the measured photometric values by redshifting
the SED and convolving it with the filter response function.
This constraint obviously depends on the photometric
system and, also, the redshift of the object as the rest-frame
spectrum is sampled at different wavelengths. Adding up the
filter curves, shifted to the rest frame, for all objects provides
a smooth curve as a function of wavelength (Fig. 3, dashed
line) that is proportional to the amount of information
available for the determination of the shape of the compos-
ite. This is similar to what is typically shown for composites
derived from spectrophotometric observations, but com-
puted from the shape of the photometric transmission
curves. The more objects at different redshifts we use to
constrain the spectrum, the finer the details that could be
recovered, for example, the width of the reconstructed line
can be smaller. An additional effect is that short-wavelength
lines are constrained by higher redshift objects so that when
they are transformed back to the rest frame their line widths
become narrower. In Figure 3, one can see that recon-
structed lines at shorter wavelength are narrower than
those at longer wavelength.
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F1G. 5—Four templates reconstructed from a constant initial SED (thick line) and from the composite SDSS SED (thin line). Despite the different
initialization, the reconstruction algorithm converges to similar sets of templates. The strongest known quasar lines (dotted vertical lines) appear in the
reconstructed spectra. The same power-law curve (f; oc 1~ 1-%)is plotted in each panel (dashed line) to guide the eye to see the differences.
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The difference between the composite and reconstructed
spectra below ~ 1200 A is due to the fact that the composite
spectrum is not corrected for intergalactic attenuation.
Comparing the photometric redshift estimations with the
composite and the reconstructed spectrum in Figure 2, we
find little difference except at high redshifts, which is due
to the effect of a different handling of the intergalactic
attenuation.

5. QSO SPECTRAL TYPES

Now we arrive at the last step of the ASQ algorithm,
where we consider whether there is evidence for more than
just one spectral template. The optimal number of tem-
plates is partly determined by the size of the training set. If
we divide a sample into too many subsets, there will not be
sufficient objects within any one subset to constrain the
reconstructed SEDs. On the other hand, the more spectral
types we allow, the closer our resulting template library will
be to the SEDs of the quasars for which we wish to predict a
redshift. Our experiments show that, for the current training
set, a QSO template library with four templates is the
optimal choice. Introducing further templates does not
improve the agreement of synthetic and measured colors
significantly (y* decreases less than 10%), and the photo-
metric redshifts do not become significantly better.

Compared with Figure 2, in Figure 4 the number of out-
liers at z,,,, ~ 0 and z,,,, ~ 3.5 is greatly reduced, and the
redshift estimation improves by increasing the number of
templates from one to four. Using the four ASQ templates
yields A,;; = 0.77 and A, ; = 0.120, which is still above the
results of empirical methods. The algorithm can be started
from a single constant function or from the empirical com-
posite SED. Both starting points lead to templates with
approximately the same continuum features (see Fig. 5). The
only difference is that the emission lines remain sharper in
the latter case. The match between the two sets is even more
interesting if we remember that the two template libraries
were created using significantly different initial spectra. This
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F1G. 6.—Redshift distribution of objects in the four ASQ template
classes.
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shows that the classification of quasars into these spectral
types is robust.

During the photometric redshift estimation with the
template-fitting method, each object is assigned uniquely to
a spectral template derived earlier by the ASQ algorithm.
To test whether there is any correlation between the redshift
of the objects and their spectral class, we plot the redshift
distributions of the four ASQ classes in Figure 6. We see a
relation between type and redshift, which may have several
causes. Among other possibilities, it could be related to the
different mean absolute luminosity of the classes, different
mixture of broad absorption line (BAL) and other quasar
types, or sampling issues, or it may be a sign of QSO spec-
tral evolution. It is also important to note that at different
redshifts the photometric passbands sample different por-
tions of the templates, and this can be accounted for by
having low-redshift objects in classes 3 and 4, where the
highest redshift quasars are. Detailed analysis of this is
subject of a future work.

We created composites for each ASQ spectral class using
SDSS spectrophotometric observations. In Figure 7, we
compare the resulting composites with the four ASQ tem-
plates. The order of the templates here and also in Figure 5
corresponds to the increasing mean redshift value of
quasars in the classes. Comparing the continuum shape of
the ASQ SEDs (the same power law f; oc A~1-% is plotted
with dashed lines to aid in comparison) suggests a trend
with redshift.

Aside from the apparent redshift dependence of each
class, there are at least two other distinct types of quasars
that seem to be at least partially segregated into the differ-
ent classes: BAL quasars and low-redshift, low-luminosity
quasars with host galaxy contamination.

Broad absorption features are evident in the class 1 com-
posite spectrum and also, to a lesser extent, in the class 2
composite spectrum. The BAL QSOs in the quasar sample
have been identified, and the majority (71%) fall into either
class 1 or class 2. The fraction of quasars that have BAL
features in their spectra for each class (1, 2, 3, 4) is 11%, 6%,
1.9% and 3%, respectively. The colors of BAL QSOs tend
to be redder than non-BAL quasars (Menou et al. 2001;
Sprayberry & Foltz 1992; Brotherton et al. 2001; Weymann
et al. 1991), which probably accounts for their unequal
separation here into the different classes.

The evidence for host galaxy contamination comes from
the presence of stellar absorption lines in the composite
spectra. For example, the Ca 1 H and K lines (Fig. 7, insets)
are clearly present in the class 4 composite and weakly
present in the class 3 composite. There is no evidence for
them in either the class 1 or class 2 composite. Host galaxy
contamination is likely to be a significant contributor to the
reddening of quasars and other active galactic nuclei at
wavelengths beyond about 5000 A (Vanden Berk et al.
2001). For redshifts less than 1, the quasars in classes 3 and
4 are significantly less luminous than their counterparts in
classes 1 and 2, and the quasars with the lowest redshifts
tend to belong to classes 3 and 4. This points to host galaxy
contamination in the spectral light of the low-redshift
quasars in classes 3 and 4 and is likely the cause of their
being preferentially separated into those classes.

Now we return to the problem of the photometric degen-
eracy (i.e., quasars with the same photometric colors can
have significantly different redshifts). Signs of the photo-
metric degeneracy of quasars are visible in the photometric
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Fi1G. 7—Comparison of the ASQ templates (white lines) with composites created for the corresponding classes using SDSS spectra (thin lines). See
discussion in text. The insets zoom in on the Lya to C 1v region and the Ca 1 H and K lines.

redshift prediction process. The y2, roughly the weighted
distance of the observed and estimated flux as a function of
redshift z, has multiple minima as a result of the degeneracy
in photometry. Two outliers from the photometric redshift
relation are shown in Figure 8. Both have significant
minima at the spectroscopic redshift.

In Figure 9, we plot what one would obtain if one could
break this degeneracy by using further observations (e.g.,
UYV) or through the use of priors that can crudely constrain
the possible redshift of an object. The photometric redshift
estimation algorithm can find all of the local minima of the
%2 curve, and hence we could have more redshift candidates
for an object to choose from. Given the best three local
minima for each object, we selected the one having the
closest value to the spectroscopic redshift; this somewhat
idealized case is plotted in the figure.

6. CONCLUSIONS

The success of our attempt to determine redshifts of
quasars from SDSS multicolor photometry, along with the
Richards et al. (2001b) companion paper, is encouraging.
We can obtain redshift estimates for 70% of the QSOs with

accuracy Az, ~ 0.1. The method discussed in this paper is
not only able to obtain redshifts, but also to estimate lumi-
nosities and SEDs for QSO candidates without spectros-
copy. Photometric redshifts are ideally suited for many
astrophysical and astronomical studies, such as the lumi-
nosity function and gravitational lensing.

Our spectral template reconstruction appears to be very
robust; the algorithm yields similar sets of spectral tem-
plates whether started from a constant function or from a
composite spectrum of spectrophotometric measurements.
Individual spectral lines have significant effects on quasar
colors. These narrow features (compared with photometric
bands) contribute to photometric observations sufficiently
that they can be recovered by our reconstruction technique.
It is quite reassuring that the spectral templates recon-
structed from the very low resolution photometric data
show the well-known emission lines of quasars. This high
resolution is possible because of the large number of SDSS
objects used in the template reconstruction process.
Detailed analysis of the templates can yield interesting
information on quasar spectral features. We found that the
use of multiple templates in the redshift estimation
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improves the photometric redshift relation and that the
resulting spectral types correlate with redshift.

The significance of the spectral lines in broadband photo-
metry also means that potential errors in the boundary of
the assumed passbands may result in more serious prob-
lems in the photometric redshift estimation than is the case
for galaxies, where broadband spectral features dominate. If
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F1G. 9.—The same ASQ templates (see Fig. 4) could provide much
better redshift estimates if the photometric degeneracy could be broken,
e.g., by applying some prior. The figure shows a somewhat idealized case:
we use the closest z,, value to z,. from the three smallest > minima
(A,; = 0.238 and A, 5 = 0.104).

the edge of a photometric filter were off just by the width of
a spectral line, then the colors, and hence the estimated
photometric redshifts, would change substantially. The fact
that the reconstructed spectral lines match well the location
of the actual features is an indication that the filter curves
are indeed accurately calibrated. For surveys with both
photometric and spectroscopic observations (such as
SDSS), our method is well suited to cross-check calibra-
tion (e.g., to photometrically calibrate spectroscopic
observations) or may be used to detect systematic drifts in
annual, seasonal, etc., data sets.

The template reconstruction method can be extended to
derive photometrically calibrated SEDs for objects fainter
than the limit at which spectrophotometric observations are
available. Rough photometric redshift estimates can be also
used in the algorithm as long as there are no systematic
deviations, only scatter around the true value. An iterative
process could be developed to fine-tune the templates. It
could be especially useful for faint high-redshift QSOs,
where spectroscopy is not available, but the Lya attenu-
ation could give a fairly good redshift estimate.
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